Introduction
The seedling stage of a plant's life is most vulnerable to environmental risks and is usually accompanied by extremely high mortality (Harper, 1977; Cook, 1979; Solbrig, 1980; Silvertown & Dickie, 1981; Marks & Prince, 1981) . Although it is always very difficult to determine the direct causes of seedling death in individual cases (Fenner, 1987) , biotic factors, such as predation and disease, and abiotic factors, such as desiccation, often play important roles in this high level of mortality (Harper, 1977; Fenner, 1985; Rathcke & Lacey, 1985) . Since all these factors show seasonal tPresent address: M. Masuda, Department of Botany, Faculty of Science, University of Tokyo, 113 Tokyo, Japan variation in most habitats of temperate regions, the choice of the season for seedling emergence would be essential for increasing the probability of successful seedling establishment. Seedling emergence in the field, for most temperate species, shows marked seasonality (Baskin & Baskin, 1985; Morris et al., 1986; Roberts, 1986; Masuda & Washitani, 1990) . for the triggering of some life-history events such as flowering (Fitter & Hay, 1987) , their role in controlling the timing of seedling emergence seems less important, since naturally dispersed seeds are generally located beneath the litter or thin layer of surface soil, permitting only very poor penetration of light (Bliss & Smith, 1985) . In habitats where seasonal availability of water limits biological activities, rainfall heavier than a certain threshold level has been demonstrated to serve as a signal for seed germination (Tevis, 1958; Freas & Kemp, 1983) .
In many temperate regions with predictable annual variation in thermal environment, changes in temperature would provide the most reliable seasonal signals for seeds located at or near the soil surface. Various physiological mechanisms have been demonstrated or suggested to be responsible for seedling emergence seasonality: dormancy 544 (Thompson, Grime, & Mason, 1977; Grime et al., I. Washitani & 1981; Thompson & Grime, 1983) , suggesting the M. Masuda presence of intra-habitat variation of germination responses to temperature.
In the present study, an eco-physiological comparison of the mechanisms for deciding the season of emergence was performed with 43 species co-occurring in a moist tall grassland community of warm temperate Japan, for which the phenologies for seed dispersal and seedling emergence are reported in the previous paper (Masuda & Washitani, 1990) . These joint studies were aimed at a functional analysis of plant tactics for choice of germination season at the community level.
Temperature control of dormancy and germination varies from species to species and sometimes is very complex (Bewley & Black, 1982; Baskin & Baskin, 1988) . Therefore, in order to reveal the overall pattern of thermal behaviour of even a single seed population, tedious experimental procedures and a vast number of combinations of thermal treatments are needed. To overcome this difficulty, we used a screening test system, which is a modification of the one previously reported by Washitani (1987) . Based on the data 
Materials and methods
A screening of responses of thermal germination was carried out with the 43 species occurring in a flooded-plain tall grassland community in warm temperate Japan. Detailed description of the habitat and the phenological patterns of seedling emergence and seed dispersal for the investigated species are reported in the previous paper (Masuda & Washitani, 1990) .
Seed collection and thermal pretreatment
The seeds of the species listed in Table 1 and Viola verecunda A. Gray var. verecunda A. Gray, Heracleum moellendorffii Hance, Smilax riparia A.
DC. var. ussuriensis (Regel) Hara et T. Koya. and Clematis terniflora DC. were collected from the community at the height of the seed dispersal season of the individual species. If the dispersal unit was not an achene, seeds were extracted from the collected fruit. After the seeds had been air dried in a paper bag for less than 1 month tp facilitate after-ripening, they were thoroughly rinsed under running water and dried in the sun.
Naturally dispersed seeds may experience analogous wetting and drying cycles on the soil. The thermal germination responses of these prepared seeds were examined in a screening test with or without several types of thermal pretreatments lasting from 1 to 10 months. The test performed immediately after seed preparation without any thermal pretreatment was designated as the 'initial test'. The storage-type thermal pretreatments were: dry storage at 25 0C in paper bags; dry storage at 40C in paper bags; moist chilling at 40C on filter paper in Petri dishes; and outdoor storage under the prevailing temperature conditions of surface soil (5 cm in depth) with a sparse vegetation cover in the experimental field of the University of Tsukuba (360 6'N, 1400 6'E, altitude 25m). For the species of which the available seed sample size was insufficient for the testing of all pretreatments mentioned above, only the effects of moist-and dry-chilling storage were examined.
Germination test system
The screening test system, which is a modification of the one reported previously (Washitani, 1987) , uses a pair of temperature-treatment regimes. In one regime, imbibed seeds were exposed to gradually increasing temperature in the range of 4-360C (IT regime) and in the other, to a gradually decreasing temperature in the same range (DT regime). In both regimes, the imbibed seeds were kept at one temperature for 1-8 days before being exposed to the next temperature, 40C above or below it according to the regime. Taking into consideration the fact that generally the rate of germination is higher at higher temperatures in the physiological range, shorter exposure durations were adopted for higher temperatures. At the end of the DT regime, the seeds were further exposed to 545 25 0C for several days after the 40C exposure, while Season of at the end of the IT regime, the seeds were exemergence posed to daily alternating temperatures of choice in seeds 25(12h)-12(12h)0C. The percentage of germination attained immediately before the seeds were subjected to these last treatments was defined as the 'final percentage of germination' of the regime and that after the last treatments as the 'maximum percentage of germination'. The number of germinated seeds was recorded immediately before every temperature change and at the end of the test.
By comparing the germination curves for IT and DT regimes and also by examining the effects of various thermal pretreatments on the germination patterns in the test system, we could extract information on the thermal germination characteristics of individual seed populations: the presence or absence of induction or breakage of dormancy by certain thermal regimes, the permissible or optimal temperature range for the germination of non-dormant seeds and the range of thermal time required for germination. The effects of various thermal germination parameters on seed performance patterns in the system were previously investigated by simulation analysis using certain mathematical models (Washitani, 1987) .
Terminology
Our terminology for 'dormancy' and its categories follow those of Bewley & Black (1982) . 'Enforced dormancy' (Harper, 1977) was not included. Only primary (nearly equal to 'innate'), relative and secondary (nearly equal to 'induced') dormancies were distinguished.
Results

Species response patterns
In the present screening, one seed collection per individual species was exposed to a variety of thermal treatments. As an example, for the series of response patterns, the germination patterns of (Bewley & Black, 1982) .
The low threshold temperature for the germination of non-dormant seeds after 2 months moist chilling would be around or lower than 8 0C, since the germination in the IT regime started immediately after the seeds were exposed to 80C. These patterns suggest that in this seed population, the primary dormancy can be removed by chilling irrespective of seed imbibition level, while exposure to higher temperatures induces a secondary dormancy. This satisfactorily explains the fact that no germination was recorded in the outdoorstorage seed population during the tests performed in August and germinable seeds steadily increased as the storage was prolonged from November to April, but the seeds germinated only in the IT regime (Fig. 1 ).
Great variations in the response patterns were observed among the species in the present screening, with no two species sharing the same response pattern. The main results of the tests were summarized in Table 1 . Several species among those tested showed no germination in any of the tests performed before and after various thermal pretreatments, and their data were not included in the table; the seeds of C. terniflora, S. riparia var. (Table   1) . Such unbalanced germination is assumed to occur if a certain range of temperatures, either lower or higher extreme regions of the test temperatures, break the dormancy or induce a secondary dormancy in any fraction of the test seed population (Washitani, 1987 
Achyranthesfauriei 1987 A certain inter-family trend was recognized in the maximum percentages of germination of the initial test (Fig. 2) ; the species of Gramineae and Compositae showed significantly higher initial germinability, with the maximum percentage of germination in the initial test, than the species of other families (Mann-Whitney test: U = 230, P < 0.01).
Effects of storage
The storage type of thermal pretreatments had various effects on the germination patterns in the test system, generally increasing the germinability. Improvement of germinability, or dormancy breaking, by any one or a combination of examined storage treatments was recorded in most of the tested species (Table 1) . However, the types of effective storage(s) and the extent of the effect varied greatly from species to species.
The improvement of germinability by moist chilling was the most general feature for many species irrespective of the immediate germinability expressed in the initial test (Table 1 ; Fig. 4 ). In Table 1 .
(continued).
Initial test After short moist chilling After along moist chilling 35 species, the final percentages of germination in either or both of the regimes increased after exposure to moist chilling.
However, in the Torilis japonica (Houff.) DC.
seed population, moist chilling remarkably reduced the germinability (Table 1) . Fig. 6 . Germination behaviour of the seed population performed after 1 month of moist chilling. In the replications of 50 seeds is plotted with a vertical bar s regime after the seeds had been subjected to daily alte the DT regime after the seeds were subjected to 250C fo observed in many of the species of this type (Table   1) . A representative pattern obtained for Pennisetum alopecuroides is shown in Fig. 6 . Outdoorstorage seed samples for the species showed high germinability in January and/or April (Table 1) . (Fig. 5) . The mean date of seedling emergence tended to be concentrated in mid to late spring (Fig. 5) . Outdoor-storage seed samples for the species showed high germinability in January and/or April (Table 1) .
Type 4. Seeds of this type showed very low or no germinability immediately after seed dispersal.
The primary dormancy could be removed by moist-chilling storage, but germination occurred only in the IT regime; a much lower percentage of germination was recorded in the DT regime, suggesting the induction of secondary dormancy in higher extreme regions of DT test temperatures.
Although the duration required to release a considerable proportion of the seeds from dormancy varied from species to species, the longer the treatment up to several months, the more effective it tended to be for the species. With Amphicarpaea edgeworthii var. japonica, the highest percentage of germination was induced by combined treatments of dry chilling and moist chilling. Outdoor-storage seeds of this type exhibited the highest germinability generally in April (Table 1 ). This type of pattern was clearly associated with the phenological feature of seed dispersal; spring-summer seed dispersers tended to have this germination/dormancy response pattern (Fig.   5 ). The species belonging to this type had a mean date of seed dispersal that was significantly different from those of the other types (Table 3) .
Type 5. The criterion for Type 5 is induction of secondary dormancy by moist-chilling storage.
Only Torilis japonica fulfilled it. No germination was recorded after moist chilling (Fig. 7) . Dormancy breakage by 25 0C storage is another conspicuous feature of this response type (Fig. 7) . For this cosmopolitan species, Grime et al. (1981) Seedling emergence phenology, which was much less correlated with the chilling requirement (Fig. 5 ; Table 3 ), showed close correlation with other traits, i.e. the germination initiation temperature of the non-dormant seed fraction in the IT regime. This temperature for a seed population can be determined from the lower temperature limit for the germination of non-dormant seeds and the dependency of the rate of germination on the temperature (Washitani, 1987) . Fig. 9 gives the relationship between the germination initiation temperature and seedling emergence timing in the community (Masuda & Washitani, 1990) . 
Discussion
Dormancy and germination requirements are widely accepted as delay mechanisms which prevent germination under conditions which might prove to be unsuitable for seedling establishment (Harper, 1977; Fenner, 1985) . The present study demonstrated that there is an enormous variety of dormancy/germination responses to temperature among co-occurring species in a tall grassland community in warm temperate
Japan. This diversity in dormancy/germination mechanisms, together with wide ranges of phenologies for seed dispersal and seedling emergence (Masuda & Washitani, 1990) , suggest the presence of a profuse 'regeneration niche' within the community, which has been thought to be essential for understanding the basis of species richness in plant communities (Grubb, 1977) .
In a large-scale, well-organized screening of the germination characteristics of local flora of England, Grime et al. (1981) In a large-scale survey with several hundreds of North American species, Baskin & Baskin (1988) found close correlations between the requirements for dormancy breaking of seeds and the germination phenologies observed under greenhouse conditions. The seeds of most of the winter annuals were entirely or conditionally dormant at maturity and require after-ripening at higher temperatures in the physiological range to break the dormancy, while to break primary dormancy of the seeds of summer annuals, exposure to chilling temperatures is needed (Baskin & Baskin, 1985) .
Moreover, secondary dormancy may generally be induced by chilling temperatures in winter annuals, but by higher temperatures in summer annuals (Baskin & Baskin, 1985) .
The present study demonstrated that there is a Although the timing of field seedling emergence was significantly correlated with seed weight among the species studied (Masuda & Washitani, 1990) , no clear trend could be recognized between the thermal response types revealed in the present screening and the seed weight of the species.
Many authors have mentioned the adaptive significance of intra-populational variations in dormancy in the spread of seedling emergence timing (e.g. Harper, 1977; Angevine & Chabot, 1979; Grime et al., 1981; Silvertown, 1984; Zammit & Westoby, 1987) . The ecological significance of minimizing the chance of 'zero seedling survival' by distributing the risks over time has been L Washitani & 1986) . In the present study, intra-populational M. Masuda variations of thermal germination responses were observed for almost all the examined species, although the extent and pattern of the variation differed from species to species. The variations were associated with various aspects of the dormancy/germination behaviour, i.e. thermal and chronological requirements for dormancy breaking, the rate of germination and the temperature range in which non-dormant seeds of the seed population can germinate. Such physiological variations revealed in the test system may be one of the causes for the intra-species variation in seedling emergence timing observed in the field (Masuda & Washitani, 1990) , although the microenvironmental variation of the sites at which individual seeds are placed would be another important cause (Harper, 1977) . Before we can come to any firm conclusions on the relative importance of the internal and external factors, i.e. the physiological differences in seeds which can arise from either or both genetic and environmental origins (Cresswell & Grime, 1981; Silvertown, 1984) and environmental variation in microsites, more detailed quantitative information on both quantities must be obtained.
